We investigate in this paper the influence of wetting films on the adhesion forces between macroscopic solid surfaces connected by a liquid bridge. We show that the capillary forces are dependent on the interactions governing the wetting layers, and that those interactions may be determined from the measurement of the capillary force in the presence of a condensable vapor. We illustrate those results with a surface force apparatus experiment where the capillary force between high-energy surfaces is measured for different liquid pressures.
I. INTRODUCTION
Adhesion forces at the contact between solid surfaces are very important for the mechanical properties of divided matter. It is well known in fields such as powder technology, granular media, or tribology that these adhesion forces are strongly influenced by the presence of a tiny amount of liquid, such as the one due to surface adsorption from a condensable vapor atmosphere. [1] [2] [3] This is usually attributed to the capillary condensation of pendular liquid bridges around the contact points between two surfaces-either from a vapor atmosphere, or through the drainage of liquid from adjacent adsorbed fluid layers.
Capillary condensation between smooth curved surfaces has been extensively studied [4] [5] [6] and an interesting property of the capillary force between two smooth surfaces at contact is that its amplitude does not depend on the size of the liquid bridge connecting the surfaces but only on "macroscopic" parameters such as the liquid surface tension ␥ lv , its contact angle on the solid surface, and the radius R of the smooth curved surfaces, F cap = ⑀␥ lv cos R, ͑1.1͒
with ⑀ = 2 in the limit of rigid surfaces and ⑀ =3/2 in the limit of soft elastic surfaces. [7] [8] [9] This result is valid when the range of the capillary force, equal in first approximation to the height of the liquid bridge connecting the surfaces, is small compared to the radius of the smooth surfaces, and for partial wetting conditions Ͼ 0.
Experimental verification of Eq. ͑1.1͒ with surface force apparatus has been used to demonstrate the validity of the Laplace law of capillarity up to a very small scale of some molecular diameter. 4, 6 In the case of wetting liquid, however, Eq. ͑1.1͒ is not valid anymore since the thickness of wetting films covering the solid surfaces has to be taken into account. This perfect wetting situation is of great practical importance in all contacts between high-energy solid surfaces. However, there is not in this case a general equation similar to Eq. ͑1.1͒ since the adhesion force also depends on the interactions governing the thickness of the wetting layer. In principle, those latter have to be known in order to derive the capillary force and the total adhesion force between the surfaces. The purpose of this paper is to study this situation, and to show that reciprocally, measuring adhesion forces in the presence of a condensable vapor atmosphere provides a way to determine the interactions governing thin liquid films on a solid substrate.
The article is organized as follows. In Sec. II, the adhesion force between smooth surfaces of large radius of curvature in an undersaturated vapor atmosphere-or in the presence of a fluid reservoir at constant chemical potential-is derived. We then describe how to use adhesion force measurements for determining the interactions of a solid substrate with a thin liquid film covering it. Section III reports an experimental determination of the interactions of a heptane liquid film with a platinum substrate using a surface force apparatus. Finally, in Sec. IV we discuss the possible generalization of this approach to the case of nonmonotonic interaction forces.
II. FORCE BETWEEN CURVED SURFACES IN A CONDENSABLE VAPOR ATMOSPHERE: THEORY

A. Kelvin radius and wetting films
We derive here the force acting between two spheres separated by a distance D in an undersaturated vapor at chemical potential = sat − ⌬, ⌬ Ͼ 0. For the sake of simplicity the two spheres are assumed to have the same radius R, but it will appear in the following that the result is also valid in the more general case of different radii R 1 and R 2 by taking R =2R 1 R 2 / ͑R 1 + R 2 ͒. We restrict ourselves to the case of a large radius, i.e., R is very large compared to the gap D between the spheres as well as to all other lengths in this problem: range of molecular interactions, thickness of liq- 
We consider the case where the liquid phase of the vapor wets perfectly the solid surfaces. In this case a liquid layer can form on the solid surfaces when the spheres are very far apart and do not interact with each other. The equilibrium thickness e of this prewetting film is governed by the interface potential W SLV ͑e͒ describing the excess free energy per unit surface of a liquid/vapor interface at a distance e of a solid/liquid interface. In the case of long-range van der Waals forces for instance, W SLV ͑e͒ =−A SLV /12e 2 , where A SLV is the Hamaker constant for the solid/liquid/vapor interaction. The pressure in the liquid film is related to this interface potential by the relation
where d ͑e͒ =−dW SLV / de is the disjoining pressure. We assume here that the liquid phase is incompressible, so that its chemical potential is related to its pressure by L = sat + ͑P L − P sat ͒ / L . The equilibrium thickness e is then given by the relation
When the two surfaces are sufficiently close together, a liquid bridge can form between them by capillary condensation. The order of magnitude of the scale involved in this process is the Kelvin radius r K defined as the radius of curvature of a liquid-vapor interface at equilibrium in an undersaturated chemical potential = sat − ⌬,
͑2.2͒
A typical order of magnitude for the Kelvin radius of water or organic liquids at ambient temperature is some nanometers. The capillary pressure associated to the Kelvin radius is equal to the disjoining pressure in the prewetting film to which the liquid bridge is connected ͑see Fig. 1͒ . The aim of this section is to calculate the attractive force exerted by this liquid bridge on the two spheres. We only consider here the case where the Kelvin radius is large enough compared to the range of molecular interactions, so that the portion of the liquid close to the neck of the bridge has negligible interactions with the spheres. This requires the capillary pressure to be much larger than the disjoining pressure at a distance r K , i.e., ␥ lv / r K ӷ d ͑r K ͒. In the case of long-range van der Waals forces for instance, the condition resumes to r K 2 ӷ A SLV /6␥ lv = a 2 . With typical order of magnitude of A SLV and ␥ lv , the length a is usually comparable to a molecular size, so that the condition is met when the Kelvin radius is larger than 3-4 molecular sizes.
In the following we calculate the interaction force between the spheres in the presence of a liquid bridge, and we show how this interaction force can be used to measure experimentally the interfacial potential W SLV ͑e͒ governing solid-vapor interactions though a liquid layer of thickness e.
B. Adhesion force using Deryaguin approximation
In this section we use the Deryaguin approximation 10 giving the interaction force between two curved surfaces of large radii R 1 and R 2 separated by a gap D as a function of the free energy per unit surface ⍀͑D͒ of two parallel planes separated by the same gap D,
The free energy of the two planes is here defined in a reservoir of vapor at constant chemical potential and constant pressure, so that it is a grand potential. When D is large enough and the planes do not interact, the grand potential per unit surface is
͑2.4͒
The last term in this expression comes from the unfavorable liquid phase. When the surfaces are close so that liquid condenses between them, the grand potential is
where W SLS ͑D͒ is the interaction energy per unit surface of the two solid surfaces through the liquid phase. The interaction force between the two spheres in the same environment is then, using Eqs. ͑2.2͒ and ͑2.3͒ and
This force can be splitted into two contributions:
where F SLS ͑D͒ = RW SLS ͑D͒ is the solid-solid interaction through a saturated liquid phase, and
is the capillary force at equilibrium. The Deryaguin approximation provides a straightforward method to derive the interaction force between curved surfaces of large radius in the presence of a liquid bridge. However, only a direct calculation can provide the exact limit in which this approximation is actually justified. We perform this direct calculation in Sec. II D and show that Eq. ͑2.8͒ is valid when r K / R 1/3 Ӷ 1. Not taking into account the wetting films gives the simplified equation for the capillary force
from which ͑1.1͒ is recovered in the limit = 0 when surfaces are in contact. Additional terms in ͑2.8͒ are expected to be small close to saturation, when the wetting films are thick ͑the interfacial potential W SLV and its derivative vanish when the film becomes macroscopic͒ or close to the wetting transition, when the contact angle is zero but the liquid does not wet strongly the solid surface. We stress that the wetting effects are larger for thin films. An order of magnitude can be given in the case of van der Waals forces: additional terms to Eq. ͑2.9͒ due to wetting effects are then
, and the relative error on the amplitude of the capillary force at contact is 3e /2r K . This relative error increases at low vapor saturation; for instance, with typical values for organic liquids ␥ lv = 25 mN/ m and A SLV =10 −20 J, the relative error is 16% at r K = 4 nm and 26% at r K = 2 nm. This relative error drops, respectively, to 5% at r K = 4 nm and 9% at r K = 2 nm if the wetting films alone but not the disjoining pressure are taken into account, i.e., if the distance D between the surfaces is corrected by the value 2e and not by the value 2e +2W SLV ͑e͒ / d ͑e͒ in Eq. ͑2.9͒. Thus, not taking properly into account the effects of wetting films may lead to significant errors in the determination of curvature effects on surface tension.
It is indeed possible to give a maximum amplitude of the contribution to the capillary force due to wetting effects. The theory of wetting shows that no stable wetting film should exist if the free energy per unit area of the wetted solid surface ␥ s,eff is larger than the unwetted solid surface tension ␥ sv . 11 The free energy per unit area of the wetted solid surface is obtained from Eq. ͑2.4͒: ␥ s,eff = ⍀͑ϱ͒ / 2 since there are two surfaces in our system. Thus, the thickness of a stable wetting film is such that
Therefore, the contribution of wetting effects to the capillary force is always smaller than 2R͑␥ sv − ␥ sl − ␥ lv ͒. Such a value is indeed obtained when the vapor saturation is low enough so that the two sides of ͑2.10͒ become equal. It is of interest to discuss the value of the total adhesion force of the two spheres: F adh =−F͑D =0͒. From ͑2.6͒ and using W SLS ͑D =0͒ =−2␥ sl one gets
͑2.11͒
If the liquid wets perfectly the solid surface, W SLV ͑e͒ is a decreasing function, so that F adh is always larger than 2R͑␥ sl + ␥ lv ͒-the value that would be obtained by using Eq. ͑1.1͒ for the capillary force with a zero contact angle. However, taking inequality ͑2.10͒ into account, one sees that this adhesion force is also always smaller than 2R͑␥ sv ͒-i.e., the value obtained from ͑1.1͒ in the case of partial wetting. This latter value is recovered when ͑2.10͒ becomes an equality, so that no stable wetting film exists on the surfaces. We go back to Sec. III C to the variation of the total adhesion force with the undersaturation and the wetting filmthickness. An important property of Eq. ͑2.8͒ is that it provides a way to determine independently two quantities from the capillary force: ͑i͒ the disjoining pressure ͑or equivalently the Kelvin radius͒, from the slope of its linear variation with the gap D, and ͑ii͒ information on the solid-liquid-vapor interaction potential, from its maximum amplitude at D =0. We discuss in more detail in Sec. II C the possible exploitation of capillary forces to measure those interactions.
C. Using surface force apparatus to determine solid-liquid-vapor interactions
The surface force apparatus ͑SFA͒ is a device which allows to measure precisely interaction forces between surfaces of large curvature, at very slow velocity, i.e., in equilibrium conditions. It is usually used to measure interaction forces between solid surfaces in a liquid medium, i.e., to probe solid-liquid-solid interactions. We show here that SFA can also be used to study solid-liquid-vapor interactions by measuring the capillary force induced by a liquid bridge condensed between the surfaces. We assume here that experimental conditions are met so that Eq. ͑2.8͒ is valid. These conditions require, among others, a SFA of high stiffness in order to remain stable with respect to capillary forces, the use of low velocities so that liquid bridges are in equilibrium, and a controlled environment with a fluid reservoir at a fixed chemical potential . The important feature of the capillary force is that it varies linearly with the distance D between the spheres. It is shown in Sec. II D that in a number of systems the solid-liquid-solid contribution to the adhesion force has a much shorter range than the capillary contribution, so that the slope and the offset of the capillary force can be experimentally determined. A typical plot of the total interaction force given by Eq. ͑1͒ is drawn on Fig. 2 . From Eq. ͑2.8͒, one sees that the slope of the interaction force versus the 
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Adhesion forces between wetted solid surfaces J. Chem. Phys. 122, 184701 ͑2005͒ distance gives the disjoining pressure, whereas the offset F cap ͑D =0͒ contains informations on the solid-liquid-vapor interactions W SLV ͑e͒ in a liquid film of thickness e. Actually the Legendre transform of W SLV ͑e͒ ͑excess surface enthalpy͒ defined as
is directly measured from the capillary force ͑see Fig. 2͒ . This latter can be rewritten as
͑2.13͒
The derivative of G͑ d ͒ is
͑2.14͒
Equations ͑2.12͒ and ͑2.14͒ provide a method to determine the solid-liquid-vapor interactions W SLV ͑e͒ from the measurement of interaction forces in vapor atmosphere as a function of the undersaturation-at least in simple cases where those interactions are monotonic so that e varies continuously. Furthermore this method is not restricted to the case of highly volatile liquids and does not require the control of a vapor atmosphere. The thermodynamic condition for the validity of Eq. ͑2.8͒ is a fluid reservoir at constant chemical potential. This reservoir can be a liquid reservoir of large volume compared to the volume of a liquid bridge, such as a liquid film extending over a large surface area. In this case, as in the case of volatile vapors, the disjoining pressure d can be measured directly from the linear variation of the interaction force versus the surface distance D.
A simple case of solid-liquid-vapor interactions is when the interface potential W SLV ͑e͒ varies as a power of the film thickness e: W SLV ͑e͒ = Be −n . For nonretarded van der Waals forces, n = 2 and B =−A SLV /12. In this case of power-law dependence, G͑ d ͒ obeys the relation
and the capillary force is given by
For nonretarded van der Waals forces, the "correction" to the distance D between the surface is 3e, i.e., three times the thickness of the wetting films far from the liquid bridge. 12, 13 In the case of an exponential variation W SLV ͑e͒
ͪ,
͑2.16͒
and the capillary force is
Dependence such as ͑2.15͒ or ͑2.16͒ can be checked experimentally quite easily, since the quantity G͑ d ͒ / d is half of the x-axis offset between the linear variation of F cap ͑D͒ vs D and the reference straight line parallel to F cap ͑D͒ given by Eq. ͑2.9͒. The use of this method for measuring the interface potential of a platinum-heptane-vapor system with a SFA is reported in Sec. III.
D. Direct calculation of the capillary force
In this section we perform a direct calculation of the capillary force and derive the conditions required for the validity of Eq. ͑2.8͒.
We consider an axisymmetric liquid bridge connecting the two spheres at a distance D. The center of the neck of the bridge is O, its radius is x, and the axis joining the centers of the spheres is noted as O. The shape of the liquid-vapor interface is described by its equation L ͑͒ in cylindrical coordinate, where is the distance to the axis O. The surface of the upper solid sphere is given with the parabolic approximation by S ͑͒ = D /2+ 2 /2R. The interaction force between the spheres is obtained by integrating the pressure drop P L ͑ , =0͒ − P V over the circular area ͉͉ Ͻ x. As discussed above, the pressure in the liquid phase close to the neck's surface is given by the capillary pressure drop: P L ͑x ,0͒ = P V − ␥ lv / r K , where the Kelvin radius is the inverse of the mean curvature of the meniscus at this point. Therefore, the capillary force is F cap ͑D͒ = x 2 ͑−␥ lv / r K ͒. Deeper into the liquid phase, the liquid pressure may change due to the solid-solid interactions through the liquid phase, giving an overall contribution F SLS ͑D͒ to the interaction force.
Clearly the area of the bridge's neck depends on the way the meniscus connects to the wetting film. This problem has been solved by Legait and de Gennes 12 for a meniscus in a capillary tube in the case of van der Waals interactions. We extend here this approach to the case of the axisymmetric liquid bridge with the interaction potential W SLV ͑e͒. The equilibrium shape of the meniscus is such that the pressure of the liquid close to the vapor interface is constant,
͑2.17͒
In this equation the first term of the right-hand side is the disjoining pressure, which becomes negligible when the thickness of the liquid layer reaches a fraction of the Kelvin radius. The second term is the capillary pressure, determined by the axial curvature ͑d⌽ / ds͒ L and the axisymmetric curvature sin ⌽ / of the meniscus. The key point is that in the limit of a large sphere radius R, the effect of the axisymmetric curvature, of the order of ␥ lv x −1 , is always negligible compared to the leading term in Eq. ͑2.17͒, of the order of ␥ lv r K −1 . This is easily seen when the two spheres are close to contact ͑D Ӷ x 2 / R͒, since the neck's radius has then a magnitude x ϳ ͱ r K R ӷ r K . We first calculate the capillary force in this approximation, and then show that the result obtained is valid for all ranges of D values for which the liquid bridge is stable. Let u͑r͒ = S ͑r͒ − L ͑r͒. Neglecting the axisymmetric curvature, Eq. ͑2.17͒ becomes
͑2.18͒
Within the approximations made one can take du 
.18͒ can then be integrated in
͑2.19͒
with the limit condition ⌽ = / 2 when u = e. The height z =2 S ͑x͒ of the liquid bridge is
The area of the bridge is then retrieved by the geometric relation z = D + x 2 / R so that the capillary force is F cap ͑D͒ = ͑−␥ lv / r K ͒R͑z − D͒. Using Eq. ͑2.20͒ one gets
which is equivalent to Eq. ͑2.8͒. We now extend the range of validity of this direct calculation and find the condition for Eq. ͑2.21͒ to be valid whatever the size of the liquid bridge and the gap D between the spheres.
Since the axisymmetric curvature of the liquid bridge is negligible when D → 0, we first assume that it remains small for all values of D and calculate the first-order term of the development of z in r K / x. The approximation du / d L Ӎ −1 is always valid when x Ӷ R so that Eq. ͑2.17͒ can be written as
which integrates in
and the height of the liquid bridge is implicitly defined by
The order of magnitude of the last integral is z / x ϳ r K / x so that the height of the liquid bridge writes
to the first order in r K / x with ␣ Ͼ 0. The neck x of the bridge is then determined by the shape of the solid surface,
͑2.26͒
Starting from a large liquid bridge when D = 0, the neck's radius x is a decreasing function of D. The minimum value of x is obtained when 2x / R = ␣r K 2 / x 2 , i.e., x Ӎ r K 2/3 R 1/3 . Therefore, r K / x is at most of the order of ͑r K / R͒ 1/3 Ӷ 1, so that the effect of the axisymmetric curvature of the liquid bridge is always negligible in the case of a large sphere radius, and Eq. ͑2.8͒ is valid for the whole range of existence of the liquid bridge.
This direct calculation shows that the Deryaguin approximation for the calculation of the capillary force is justified when ͑r K / R͒ 1/3 Ӷ 1. This criterion is significantly more stringent than the condition r K / R Ӷ 1 usually considered for the Deryaguin approximation to be valid. Although Kelvin radii are usually very small, i.e., less than 10 nm, significant distorsion from Eq. ͑2.8͒ could be expected in the case of condensation between colloidal particles of radii less than 1 m.
III. EXPERIMENTAL PART
A. Experimental setup
Our system consists of a sphere of radius R = 3.29 mm, made with fire-polished Pyrex coated with a 50-nm-thick platinum layer, and a plane made of fire-polished Pyrex. These surfaces are a good compromise between high rigidity ͑surfaces must not be deformed by capillary forces͒ and low roughness ͑less than 1 nm measured with an atomic-force microscope͒. The sphere and the plane are mounted on the SFA and placed in a sealed chamber, in the presence of a desiccator ͑powder of P 2 0 5 ͒ and an n-heptane vapor. The partial pressure of the n-heptane vapor is varied by introducing in the chamber a liquid mixture of n-heptane and a nonvolatile polydimethylsiloxane whose saturated vapor pressure at room temperature is less than 0.1 Pa. The partial pressure of the n-heptane vapor is then related to the heptane concentration of the liquid mixture by Raoult's law. Experiments are performed on a homemade SFA. We only recall here the main features of this experimental setup; a detailed description is given in Refs. 14 and 15. The sphere is displaced normally to the plane with a piezoelectric ceramic with a resolution better than 0.1 nm. We used displacements at constant velocity between 0.02 and 0.5 nm/ s. The relative displacement D between the sphere and the plane is measured by a capacitive sensor, and the origin of displacement D = 0 is determined from the elastic repulsion between the solid surfaces ͑see Ref. 15 for details about this method͒. The force between the two surfaces is obtained from the displacement of the plane relative to a rigid frame to which it is elastically attached. We used in those experiments an elastic constant of 2.5ϫ 10 5 N/m. Figure 3 shows the force measured between the surfaces as a function of their separation D, the relative motion being performed at a constant velocity of 0.1 nm/ s. When the surfaces are brought together from a remote position where they do not interact, the force is almost zero, up to a discontinuity point where the force decreases. This discontinuity reflects the condensation of the liquid bridge between the surfaces. Then, when the surfaces are further approached, the elastic repulsion between solids takes place, leading to a repulsive component of the interaction force. When the surfaces are pulled apart, the elastic repulsion first decreases, and the force goes back slowly to zero up to the disappearance of the liquid bridge. In this slow decays to null force, the interaction force between the surfaces F / R varies almost linearly with the separation D between surfaces. This shows, according to Eq. ͑2.8͒, that the liquid pressure within the meniscus is roughly constant whatever the separation between the surfaces. This simply reflects that the chemical potential of the condensed liquid within the meniscus is the same as the chemical potential of the undersaturated vapor. However, deviations from the straight line may be seen at large separations between the surfaces. It has been experimentally checked that those deviations increase with the velocity at which the surfaces are separated. This may be understood as follows: for keeping the pressure of the liquid fixed ͑and therefore the curvature of the liquid vapor interface fixed͒, the volume of condensed liquid needs to vary with the surface separation. The diffusion of the vapor from the reservoir to the meniscus implies therefore a finite time in order for the chemical potential to be equilibrated. However, close to the contact between surfaces, such effects are expected to be small, and the slope ͑‫ץ‬F / ‫ץ‬D͒ appears to be constant. It should be noted that decreasing the relative velocity between surfaces below 0.1 nm/ s increases the experiment duration, and then enhances the thermal drifts.
The same kind of measurement is then performed repeatedly for different vapor pressures of n-heptane. The corresponding experimental results are summarized in Fig. 4 . The effect of the variation of the vapor pressure is important. When the vapor pressure evolves, the graph of the force versus distance remains linear, but with a slope decreasing with the vapor pressure. The following determinations of excess surface energy W SLV ͑e͒ and disjoining pressure d ͑e͒ are then based upon the determination of the linear variation of the force close to the contact between solid surfaces. According to Eq. ͑2.8͒, the disjoining pressure d ͑e͒ and the Legendre transform G͑ d ͒ = W SLV ͑e͒ + e d ͑e͒ are extracted from the fit of the experimental force variations with a straight line, knowing the tabulated value of liquid n-heptane surface tension ␥ lv = 19.9 mJ m −2 at the temperature T = 23.0°C of the experiment. This analysis is repeated for every value of the vapor pressure. Table I is a summary of the determined values of the adhesion force, of the disjoining pressure, and the surface excess enthalpy G͑ d ͒ for the four different vapor pressures that we used in this experiment.
B. Experimental results
As explained in the preceding sections, an analysis of the force variations with the separation between surfaces gives 
Such a power-law dependence is shown in Fig. 5 which is a log-log plot of these two quantities. The best linear fit of the data leads to n −1/n = 0.70± 0.04, and then n = 3.4± 0.5. This value is close to the n = 3 dependence expected in the case of nonretarded van der Waals, and we use it in the following discussions.
The film thickness may now be easily obtained from experimental quantities G͑ d ͒ and d ͑e͒ as Figure 6 is a plot of the cubic root of the inverse of the disjoining pressure as a function of the film thickness obtained from Eq. ͑3.2͒ with n = 3. As expected, experimental data collapse on a line which corresponds to a linear relationship between those quantities. The slope 
C. Adhesion force
After discussing the dependence of the disjoining pressure with the film thickness, we now discuss the effects of wetting films on the values of the adhesion force. We expect from Eqs. ͑2.6͒ and ͑2.12͒ that the adhesion force between the plane and the sphere should vary with the disjoining pressure as
where we have posed ␥ sl = W SLS ͑D =0͒ /2. As it may be seen in Fig. 7 the adhesion force varies linearly with G͑ d ͒, with a slope ⌬͑F adh / R͒ / ⌬G͑ d ͒ = 9.2 to be compared to the expected value of 4. The extrapolation of the adhesion force at G͑ g ͒ = 0 leads to an estimate ␥ sl + ␥ lv = 20.3 mN/ m. The value of the solid-liquid value is then ␥ sl = 0.4 mN/ m. This value of ␥ sl is the same as the value measured in an experiment in which the solid substrates are totally immersed within the liquid phase. 
IV. NONMONOTONIC FORCES
The experiment presented in Sec. III has been performed on a model experimental system where the surface energy varies smoothly with the film thickness. However, the discussion of Sec. II C is general, and does not lie on any particular assumption about the analytical form or the dependence of the surface energy W SLV ͑e͒ with the film thickness. We would like to discuss here the case where the surface energy varies with the film thickness in a nonmonotonic way. Many different physical systems should produce such complex surface energy variation. An example is the combination of van der Waals and electrostatic interactions as it should occur in the case where a charged tensio-active adsorbs on interfaces. Another example is provided by structural forces which are expected to dominate the free energy of a liquid film of a few molecular diameters. Although such effects are expected to be suppressed by solid surface roughness, experiments on molecularly smooth surfaces have evidenced such structural forces. Figure 8 represents an example of such a nonmonotonic surface energy W SLV ͑e͒ with its associated disjoining pressure d ͑e͒. It follows from such variations that some values of the liquid pressure P L , and, consequently, of the disjoining pressure d * = P ext − P L may be obtained for different film thicknesses. Figure 8 shows a situation where the liquid pressure and the surface energy is such that two stable film thicknesses e 1 and e 2 are possible, a situation that we consider in the following discussion.
The force variations with the distance between solid surfaces are now expected to be dependent on the thickness of the liquid film. However, the derivative of the force with the distance ‫ץ‬F / ‫ץ‬D =2R d * does not depend on the film thickness. It follows, as shown in Fig. 9 , that the two force profiles corresponding to the two possible film thicknesses are two parallel lines corresponding to maximal separations D i =2͓r k + e i + W SLV ͑e i ͒ / d * ͔. Since several values of the film thicknesses are allowed, the selected value now depends on the previous history of the liquid film. For example, if the initial state is dry air and dry solid surfaces, and the vapor pressure is increased from dry air, we expect the film thickness to stabilize to e 1 . But, if the the film is obtained by pulling off a solid surface from a bulk liquid, or by a progressive drying of a saturated vapor, we should expect the thickness of the film to be e 2 . We may illustrate this point with the following "gedanken" experiment. Starting from two dried and well-separated surfaces, we increase steadily the vapor pressure up to d * , then we approach the surfaces up to the distance D 1 . We now add a small amount of liquid in order to induce the formation of the liquid bridge from the vapor phase. Then, during the approach of the solid surfaces, the liquid-vapor interface moves forward steadily on a liquid film of thickness e 1 . When the surfaces touch each other, we move the surface backwards. The receding film is then formed from a condensed situation, and then the maximum allowed thickness e 2 is left behind the receding meniscus. It is then easy to verify that the work ⌬T = ͐FdD supplied in order to achieve such a cycle may be expressed as
where ⌺ is the area of the bridge's neck at its maximal extension. Equation ͑4.1͒ simply states that, in the absence of any dissipative process, the energy supplied has allowed to thicken the film and to condense liquid from the vapor phase.
V. CONCLUSION
We have shown that the capillary forces due to a liquid bridge connecting two macroscopic surfaces are, in a situation of perfect wetting, dependent on the presence of wetting films covering the surfaces. We have also shown that the thickness of these films, as well as the interactions governing them, can be determined from measurements of the capillary force for various values of the undersaturation. We have applied this method to the determination of heptane/platinum/ vapor interactions by measuring capillary forces with a surface force apparatus. We find that the wetting films are governed by nonretarded van der Waals forces, and the Hamaker constant deduced from such measurements is in good agreement with previously reported values. This method does not appear to be restricted to the case of long-range forces, and the study of some aspects of structural forces should be possible using capillary force measurements. 
